Abstract: Knowledge of the inheritance of C-glycosyl flavone synthesis in maize (Zea mays L.) silk tissues has been acquired through detailed genetic studies involving primarily germplasm from the Corn Belt Dent race. To test the robustness of this genetic knowledge, we examined C-glycosyl flavone synthesis in a genetically distinct germplasm pool, popcorn. C-glycosyl flavone profiles and levels and the involvement of three specific genes/quantitative trait loci (p, pr1, and sm1) in C-glycosyl flavone synthesis were examined in popcorn germplasm representing at least two races and various diverse geographic regions. Twenty-four inbred lines and 23 hybrids involving these inbred lines and inbred line R17 were characterized for their flavone profiles and levels in silk tissues. Two F2 mapping populations were constructed to examine the involvement of p, pr1, and sm1 on C-glycosyl flavone synthesis. C-glycosyl flavone levels threefold higher than previously reported in Corn Dent Belt materials and a novel class of compounds were discovered. The gene action of sm1 was different, the functional p allele was not always dominant, and pr1 did not affect maysin synthesis. Based on this rather simplistic ''model'' quantitative trait, it appears that caution should be exercised when attempting to apply quantitative trait locus knowledge accumulated in one germplasm base to a germplasm base that is known to be distinctly unique.
Introduction
C-glycosyl flavone synthesis in maize (Zea mays L.) silk tissues has been used as a model for understanding the genetic and biological mechanisms underlying quantitative traits (Byrne et al. 1996 Lee et al. 1998; McMullen et al. 1998 McMullen et al. , 2001 Szalma et al. 2002; Cortes-Cruz et al. 2003) . As a result of these efforts, genetically and biochemically, the flavonoid pathway in maize silk tissues has become very well defined. There are four branches of the flavonoid pathway that are known to function in maize silk tissues: anthocyanins, flavonols, 3-deoxy-anthocyanins, and flavones. Genetic null mutations exist for many of the structural steps in the pathways and for seven known transcriptional regulators of the pathways. The other aspect that makes this a particularly attractive model for studying quantitative genetics is that the environmental influence exerted on this pathway is negligible , allowing the genetics to be examined without the added complication of genotype by environment interaction effects.
The largest single effect quantitative trait locus (QTL) for C-glycosyl flavone levels is due to a gene called p, which may consist of duplicate factors p1 and p2, hence referred to as the p locus (Zhang et al. 2000 (Zhang et al. , 2003 . When segregating in a population, the p locus behaves as a major QTL for maysin levels, explaining 58% of the phenotypic variation and showing additive gene action (Byrne et al. 1996) . The P protein is a myb-like transcription factor (Grotewold et al. 1994 ) that functions as a QTL for C-glycosyl flavone levels by transcriptionally activating pathway genes (Grotewold et al. 1994) . The second largest effect QTL for C-glycosyl flavone levels is located on the short arm of chromosome 9 (Byrne et al. 1996 Lee et al. 1998 ). This putative gene has been named recessive enhancer of maysin1 (rem1). However, only in the presence of a functional p allele is the rem1 QTL's effect observed (Byrne et al. 1996) . The anthocyanin gene a1 functions as a C-glycosyl flavone QTL by blocking the competing 3-deoxyanthocyanin pathway (McMullen et al. 2001) . Again, like rem1, the effect of a1 is dependent on the presence of a functional p allele. The requirement of the presence of a functional p before either a1's or rem1's effect is observed is an example of the need for the action of the first QTL (i.e., transcriptional activation of the pathway) before the other QTL can have an effect (Byrne et al. 1996; McMullen et al. 2001 ).
The C-glycosyl flavone pathway produces an array of compounds that are distinguished from one another by a combination of their B-ring substitution patterns and the composition of the sugar residues. The sugar residue attached at the 6 position of the A-ring via a carbon-carbon linkage is either a C-beta-D-glucopyranosyl residue or a deoxy-sugar called 6-deoxy-xylo-hexos-4-ulosyl. The salmon silk1 (sm1) locus controls or encodes a glucose modification enzyme that determines the constitution of the A-ring sugar residue (McMullen et al. 2004 ). Attached to the oxygen at the 2@ position of the C-linked sugar residue is a rhamnosyl sugar. The salmon silk2 (sm2) locus governs the presence of this rhamnosyl residue by either encoding or controlling a rhamnosyl transferase (McMullen et al. 2004) . There are three known B-ring substitution patterns that all involve differences at the 3' position: maysin (5,7,3',4'-tetrahydroxy), apimaysin (5,7,4'-trihydroxy), and methoxymaysin (5,7,4'-trihydroxy 3'-methoxy) (Waiss et al. 1979 (Waiss et al. , 1981 Elliger et al. 1980a Elliger et al. , 1980b . On chromosome 4, a QTL has been identified that governs the accumulation of methoxymaysin at the expense of maysin (Cortes-Cruz et al. 2003) . The red aleurone1 (pr1) gene on chromosome 5 is a QTL by permitting the accumulation of apimaysin (monohydroxy flavone) rather than maysin (dihydroxy flavone) Cortes-Cruz et al. 2003) .
Knowledge of the inheritance of C-glycosyl flavone synthesis in silk tissues has been acquired through detailed genetic studies involving primarily germplasm from the Corn Belt Dent race (e.g., Byrne et al. 1996 Byrne et al. , 1998 Lee et al. 1998; McMullen et al. 1998 McMullen et al. , 2001 McMullen et al. , 2004 Szalma et al. 2002; Cortes-Cruz et al. 2003) . The genetic base from which the flavone QTL information was derived is relatively small, considering that there are approximately 250-300 races of maize (Brown and Goodman 1977) . To test the robustness of this genetic knowledge, we examined C-glycosyl flavone synthesis in a genetically distinct germplasm base, popcorn. Recent molecular evidence supports the hypothesis that popcorn is ancient and basal in maize domestication history (Matsuoka et al. 2002) . The North American popcorns have recently been characterized and classified into three proposed races: the North American Yellow Pearl race derived from introductions from the Chilean race Curagua, the North American Pointed Rice race originating from a complex of traditional races of pointed popcorns from Latin America, and the North American Early Popcorn race associated with the Northern Flint race (Santacruz-Varela et al. 2004) . Using germplasm from two of these newly described popcorn races, North American Yellow Pearl and North American Pointed Rice, this paper examines how robust QTL knowledge is across two distinct germplasm pools. Specifically, we examined C-glycosyl flavone profiles and levels and the involvement of three specific genes/QTLs (p, pr1, and sm1) in C-gylcosyl flavone synthesis in popcorn silk tissues.
Materials and methods

Popcorn germplasm
Twenty-four popcorn inbred lines were acquired from the Plant Introduction Station in Ames, Iowa, from 1996 to 1999 (Table 1 ). The inbred lines were chosen based on the breeding population or geographical origin and cob, pericarp and kernel descriptions in the National Plant Germplasm System's database (www.ars-grin.gov/npgs/searchgrin.html). Specifically, lines were chosen that exhibited phenotypic variation for aleurone color (colorless, blue, purple), cob color (colorless, red, brown), and pericarp color (colorless, red, brown). The 24 inbred lines represent four known open-pollinated populations and two popcorn races: Japanese Hulless and White Rice from the North American Pointed Rice race and Supergold and Yellow Pearl from the North American Yellow Pearl Popcorn race (Santacruz-Varela et al. 2004 ). Several of the inbred lines are known to be dent sterile. The Gametophyte-1 (Ga1-s) allele is present in many popcorn inbred lines and populations (Schwartz 1950; Nelson 1993) . The Ga1-s allele permits only Ga1-s pollen to germinate and fertilize Ga1-s/Ga1-s silks, leading to what in known as dent sterility in popcorn germplasm. The inbred lines were self-pollinated for at least one generation to obtain material that was phenotypically uniform. F 1 hybrids between 20 inbred lines and the inbred R17 were produced during the summer of 2000 by using R17 as the female, permitting the male inbred line to be self-pollinated. Seed from the F 1 hybrids and the self-pollinated male plant was used to examine the C-glycosyl flavone profiles in silk tissues.
Mapping populations
Two F 2 mapping populations involving a common parental inbred line (R17) were developed and analyzed in this study. POP1 was derived from a cross of inbred lines R17 and R18 and POP2 was derived from a cross of R17 and B18. R17 (PI340853), R18 (PI340856), and B18 (PI340855) are inbred lines derived from the population Supergold. Seed of the inbred lines was obtained from the Plant Introduction Station in Ames, Iowa, in 1996. The lines were self-pollinated for two generations to obtain material that was phenotypically uniform.
The inbred line R17 does not produce maysin in silk tissues. Instead, it produces rhamnosyl isoorientin and a novel compound. R17 silks display the classic scutellar node1 (sn1) phenotype of ''ox blood red'' pigmentation of the silk shaft. R18 produces maysin, but neither rhamnosyl isoorientin nor the novel compound are detected in the silk tissues.
R18 is unique in that the total flavone levels observed in silks are twofold greater than any previously studied genotype. R18 silks are green, expressing no apparent anthocyanin pigmentation. B18 silks are green and do not produce flavones in the silk tissues.
Allelism tests
Allelic states of known anthocyanin genes were determined for the popcorn inbred lines through allelism tests conducted from 1998 through 2001 at the Cambridge Research Station near Guelph, Ontario. The loci examined were a1, a2, b1, bz1, bz2, c1, c2, p, pl1, pr1, r1, sm1, sm2 , and ch1. Anthocyanin tester lines in a W23 Â W22 hybrid background were used for the allelism tests involving aleurone-expressing anthocyanin genes (a1, a2, bz1, bz2, c1, c2, pr1, and r1) . Each aleurone tester line contains functional alleles at all loci, except for one. Inbred tester lines were used for the remaining anthocyanin loci. To determine the allelic state of ch1 and p, A619, an inbred line that contains a ch1 allele (colorless pericarp) and a p-www allele (nonfunctional in pericarp, cob glumes, and silk tissue), was used. The sm1 and sm2 tester lines contained a functional P-wrb allele to permit pigmentation of silks. The b1 tester line contained a functional pl1 allele, and the pl1 tester line contained a functional b1 allele. The p, sm1, sm2, b1, and pl1 allelism tests were scored by growing out the F 1 s and scoring pericarp, cob, and silk browning for p, silk color (salmon versus green) for the sm1 and sm2 testers, anther color for the pl1 tester, and tassel glume bar pigmentation for the b1 tester. Allelism tests involving the aleurone-expressing loci were scored by examining the testcross ears for colored versus colorless kernels. In the case of the r1 locus, functionality of the r1 allele in coleoptile tissue was determined by growing the F 1 s and scoring for coleoptile color at the two-to three-leaf-tip stage.
Tissue collection and chemical analysis
R17, R18, and the F 1 and the F 2 population (POP1) were grown at the Cambridge Research Station near Guelph, Ontario, during the summer of 1998. R17, B18, and the F 1 and the F 2 population (POP2) were grown at the Cambridge Research Station during the summer of 1999. Twenty-four inbred lines and the 23 F 1 hybrids were grown in single-row plots with 15 plants per row at the Cambridge Research Station during the summer of 2001. Each F 2 population was grown in two 20-row blocks with 15 plants per row. In each block, one row each of R17 and either R18 or B18 and the appropriate F 1 were also grown. F 2 plants were tissue sampled for simple sequence repeat (SSR) genotyping by collecting leaf tissue prior to tasseling. Emerging primary ear shoots were covered with shoot bags to prevent pollination. Silk tissue was collected 2 days after emergence from the husks. Silk masses were collected into preweighed screw-cap 50 mL tubes, placed on ice for transport to the laboratory, weighed, stored in a -80 8C freezer, and lyophilized. Lyophilized samples were shipped to the Russell Research Center, Athens, Georgia, for chemical analysis. The lyophilized silk masses were extracted with 120 mL of methanol at 08 for 14 days. Extract concentrations of maysin, rhamnosyl isoorientin, and the novel compound were determined by reversed-phase HPLC (Snook et al. 1989 (Snook et al. , 1993 and expressed as percent fresh silk mass.
Molecular genotyping
From the collection of publicly available SSR primer pairs, 620 SSRs were screened using the parental inbred lines and F 1 s from POP1 and POP2 to identify informative (i.e., polymorphic) SSR primer pairs (Taramino and Tingey 1996; Senior et al. 1998; Sharopova et al. 2002) . For POP1 and POP2, SSR primer pairs were chosen that showed codominant polymorphisms between two parents and that were distributed throughout the genome (Lee et al. 2002; MaizeGDB 2008) . When possible, markers were chosen that were spaced approximately 20 cM apart. Only 62 and 42 SSR markers were informative and were used to genotype F 2 individuals from POP1 and POP2, respectively (Table  S1 ). 2 Four hundred and seventy-nine F 2 individuals from POP1 and 487 F 2 individuals from POP2 were genotyped using SSR primer pairs. One morphological marker, p, was scored as plus/minus in POP2. Molecular marker methodology and polymerase chain reaction conditions were according to Lee et al. (2006) .
Statistical analysis
Chi-square analysis was used to detect significant (P < 0.01) deviation of genotypic classes from the expected 1:2:1 Mendelian segregation ratio. Linkage maps were generated using MAPMAKER/EXP version 3.0 software (Whitehead Institute, Cambridge, Massachusetts) for PC, with a minimum LOD score of 3.0 and a maximum distance of 80 cM. Significant QTLs (P < 0.001) were detected using one-way ANOVA with PROC GLM (SAS Institute Inc. 1999). Genotypic class means were calculated using the least squares means option (LSMEANS) of PROC GLM (SAS Institute Inc. 1999). Significant (P < 0.001) single effects were tested using forward stepwise regression multiple-locus models for maysin, rhamnosyl isoorientin, compound 1028, and total flavones using PROC GLM (SAS Institute Inc. 1999) (Holland et al. 1997 ). The ''best'' model was determined to be that which explained the greatest proportion of the phenotypic variance and in which individual loci were significant at P < 0.001. Only QTLs retained in the multiple-locus models are reported and discussed in the paper.
Results and discussion
Phenotypic variation in C-glycosyl flavone profiles and levels among the inbred lines
The C-glycosyl flavone profiles observed in the 24 inbred lines were similar to those reported in nonpopcorn germplasm (Table 2) , except for the presence of a novel compound with a molecular mass of 1028 and a retention time of 13.4 min that was found in silks of R17 and R53-1. Initial analysis of compound 1028 suggests that it may be a biflavone molecule (M. Snook, unpublished data (2002) ; McMullen et al. 2004 ). Hydrolysis of compound 1028 releases both glucose and rhamnose. Compound 1028 may be present in other maysin-producing lines, but the region where it elutes in HPLC analyses is usually cluttered with several small peaks. In the R17 and R53-1 genetic backgrounds, compound 1028 is at unmistakably analyzable levels.
The range in C-glycosyl flavone levels in the inbred lines was greater than in previous germplasm surveys. Sixteen inbred lines had extremely low to undetectable flavone levels, likely due to the presence of nonfunctional or unstable p alleles (p-www and P-ovov) (Tables 2 and 3 ). Three inbred lines had low levels of flavones, CA53, R28, and BR28-1 (Table 2) . Line CA53 has an unstable allele of p referred to as P-ovov, which is the result of a transposable element excising and restoring function to the allele (Peterson 1990 ). BR28-1 has a P-wwb allele that is only functional in silk tissues, while R28 has a P-rrb allele that functions in all three tissue types. Total flavone and maysin levels in inbred line R18 were 1.999% and 1.507%, respectively (Table 2) , substantially exceeding the highest maysin levels reported in other maize Corn Belt Dent germplasm surveys (0.90% maysin in GE37; Snook et al. 1993) .
Allelic variation in the flavonoid pathway genes
Functional genetic variation was present within the set of inbred lines for most of the flavonoid loci tested (Table 3) . Three loci, a1, bz1, and c2, had functional alleles across the entire set of inbred lines; however, for the remaining loci, functional allelic variation was present within the set of 24 inbred lines. There were four unique p alleles, P-rrb, Povov, P-wwb, and p-www, three unique c1 alleles, C1, C1-I, and c1, and at least three unique r1 alleles, R1-, r1-r, and r1-g, represented by the 24 inbred lines.
Allelic variation among R17, R18, and B18 was present for some of the known flavonoid loci (Table 3 ). R17 and R18 differ in their allelic constitution at pr1 and sm1, with R18 possessing functional alleles at these loci and R17 containing nonfunctional alleles. pr1 has been implicated in the hydroxylation at the 4' position of the B-ring in both anthocyanins and C-glycosyl flavones (Larson et al. 1986; Cortes-Cruz et al. 2003) . Homozygous recessive sm1 alleles in the presence of functional p alleles result in salmon-colored silk shafts (Anderson 1921) ; in addition, the sm1 locus controls or encodes a glucose modification enzyme in C-glycosyl flavone synthesis (McMullen et al. 2004 ). R17 and B18 differ in their allelic constitution at p, pr1, c1, sm1, and r1, with R17 possessing a functional allele at p (P-rrb) and B18 possessing functional alleles at pr1, c1, sm1, and r1 (R1-r). p encodes a myb-like transcription factor that activates the phlobaphene pathway in pericarp and cob glumes (Chen et al. 1987 ) and the C-glycosyl flavone pathway in silk tissues (Byrne et al. 1996) . c1 and r1 are myblike and myc-like transcription factors, respectively, that are responsible for activation of the anthocyanin pathway in the aleurone (Paz-Ares et al. 1986; Dellaporta et al. 1988) .
Phenotypic variation in C-glycosyl flavone profiles and levels among the R17 F 1 hybrids R17 was chosen as the common parent for the hybrid ser-ies because the allelic constitution of R17 at the known flavonoid loci permitted it to be used as a ''tester'' line. R17 has a functional p allele, it produces detectable levels of the novel flavone (compound 1028), it has nonfunctional alleles at two structural loci that have been implicated in flavone synthesis (pr1 and sm1), and it produces relatively high levels of flavones (1.034%). Only two of the F 1 hybrids exhibited total flavone levels that exceeded R17 (Tables 2, 4 , and 5). One hybrid involved the inbred line R18 and the other involved B18. Two F 1 hybrids, involving the lines b-4541 and B16, did not exhibit detectable levels of total flavones even though they carried one copy of a functional p allele. It has been previously demonstrated that the functional p alleles are dominant to the nonfunctional p alleles in terms of activating the C-glycosyl flavone pathway (Byrne et al. 1996) . Self-pollinated F 1 ears from R17 Â B16 and R17 Â b-4541 had white cobs with colorless pericarps, indicating that the P-rrb allele from R17 was not functional (i.e., recessive) in any of the tissues in these hybrids. Seed contamination is not a possible cause for these observations. R17 was the female line in all crosses; in other words, there should be one copy of the P-rrb maternal allele in these hybrids. Apimaysin, the monohydroxy compound, was not detected in hybrids homozygous for the nonfunctional pr1 allele. There were six R17 hybrids, involving inbred lines BR17, CA53, R15, RB15, RB17, and RB53, that were homozygous for nonfunctional pr1 alleles. The pr1 locus has been implicated in the hydroxylation at the 4' position of the B-ring in both anthocyanins and C-glycosyl flavones (Larson et al. 1986; Lee et al. 1998; Cortes-Cruz et al. 2003) . Each of these hybrids produced the dihydroxy compound maysin or rhamnosyl isoorientin but did not produce the monohydroxy flavone apimaysin (Table 4 ). The allelism test results confirm the inability of these pr1 alleles to hydroxylate the 4' position of anthocyanins, producing reddish purple rather than blue anthocyanins in the aleurone. One possibility is that the nonfunctional pr1 alleles in aleurone cells found in the popcorn germplasm are functional in silk tissues. Alternatively, the pr1 locus alone is not responsible for hydroxylation of the 4' position of flavones. Rather, a second locus, not segregating among these lines, is sufficient for hydroxylation. Or, a locus tightly linked to pr1 is responsible for hydroxylation in C-glycosyl flavone synthesis. Regardless of the explanation, it is clear that the recessive pr1 alleles in the popcorn germplasm do not result in the synthesis of apimaysin.
Previous analysis of the sm1 locus demonstrated that it either encodes or controls a glucose modification enzyme resulting in the accumulation of rhamnosyl isoorientin rather than maysin (McMullen et al. 2004 ). While there is evidence for a second, duplicate locus of sm1 that can partially compensate for nonfunctional sm1 alleles (cf. McMullen et al. 2004) , McMullen et al. (2004) clearly demonstrated that only one copy of a functional sm1 allele is required to produce exclusively maysin (i.e., dominant gene action). R17 has a nonfunctional sm1 locus. Of the flavone-producing R17 hybrids, two hybrids involving the lines RB15 and BR15 only produced maysin. Rhamnosyl isoorientin and compound 1028 were not produced, suggesting that RB15 and BR15 contain fully functional sm1 alleles. It should also be noted that total flavone levels in these two hybrids are low (RB15, 0.626%; BR15, 0.487%) relative to the other hybrids in this data set. One hybrid, R17 Â BR-1-1, only produces rhamnosyl isoorientin and compound 1028, a profile identical to the R17 inbred. The remaining flavone-producing hybrids accumulate all three compounds in average ratios of 2.4:1 maysin to rhamnosyl isoorientin, 3.3:1 maysin to compound 1028, and 1.5:1 rhamnosyl isoorientin to compound 1028. The accumulation of both rhamnosyl isoorientin and maysin simultaneously in known Sm1/sm1 heterozygotes (R17 Â B18, R17 Â BR17, R17 Â BR28-1, and R17 Â R18) is a clear indication that one functional sm1 allele is not sufficient to exclusively produce maysin. The most likely explanation for the differing observations regarding gene action is that the flux through the C-glycosyl flavone pathway is two-to threefold higher in the popcorn backgrounds than in the genetic backgrounds used by McMullen et al. (2004) .
F 2 mapping populations
The parental inbred lines and F 1 s of POP1 and POP2 were screened with 620 publicly available SSR primer pairs. From this set, 62 primer pairs were found to be informative (i.e., polymorphic and distributed throughout the genome) for POP1 and only 42 primer pairs were informative for POP2 (Table S1 ). 2 The lack of polymorphic markers may be due to the fact that all three parental lines are from the same breeding population (i.e., Supergold). The linkage groups (data not shown) that were formed in POP1 and POP2, however, were consistent with assignments reported in MaizeGDB (2008) (Lee et al. 2002) . The relative positions of the unlinked markers were inferred from previously reported map locations (Lee et al. 2002; MaizeGDB 2008) .
R17 silks accumulate rhamnosyl isoorientin and compound 1028, R18 silks accumulate extremely high levels of maysin, and B18 silks do not accumulate any appreciable levels of flavones (Tables 2 and 5 ). Silks from both F 1 s produce all three compounds (Table 5 ). The minimum values observed in both the POP1 and POP2 F 2 populations fall near the values observed for the ''low'' parent (Fig. 1) . Maximum values observed in both the POP1and POP2 F 2 populations all substantially exceed that of the ''high'' parent, suggesting that transgressive segregation is present in both mapping populations. The frequency distributions suggest that (i) for both POP1 and POP2, single, major effect QTLs govern the accumulation of rhamnosyl isoorientin and compound 1028 in silk tissue, (ii) a single major effect QTL is also implicated in maysin accumulation in POP1 and total flavones in POP2, (iii) two major effect QTLs are implicated for maysin accumulation in POP2, as approximately 43% of the individuals fail to accumulate maysin, and (iv) total flavone levels in POP1 appear to be inherited in a more quantitative manner (Fig. 1) .
Only one major QTL was identified in POP1, umc1614 near the sm1 locus (Table 6; Table S2 2 ). This region was previously shown to govern the accumulation of rhamnosyl a1  a2  b1  bz1  bz2  c1  c2  p  pl1  pr1  r1  sm1  sm2  ch1  No. 5064  A1  A2  B1  Bz1  Bz2  C1-I  C2  www  pl1  Pr1  r1----b-4541  A1  A2  -Bz1  -C1  C2  www  -Pr1  R1----B15  A1  A2  B1  Bz1  -C1  C2  www  pl1  Pr1  R1---ch1  B16  A1  A2  b1  Bz1  Bz2  C1  C2  www  Pl1  Pr1  R1---ch1  B17  A1  A2  b1  Bz1  Bz2  C1  C2  www  pl1  Pr1  R1---ch1  B18  A1  A2  b1  Bz1  Bz2  C1  C2  www  pl1  Pr1  R1-r Sm1  Sm2 ch1  B22  A1  A2  b1  Bz1  Bz2  C1  C2  www  pl1  Pr1  R1---ch1  B28  A1  A2  b1  Bz1  Bz2  C1  C2  www  Pl1  Pr1  R1 
Note: -, allelic state not determined. whp1 and in1 were not tested. Lowercase letters denote recessive nonfunctional alleles. In the case of p and r1, there are several different forms of functional alleles. For p, the three-letter notation denotes functionality (r or b = functional, w = nonfunctional) in pericarp, cob glume, and silk tissues, respectively. For r1, the r1-r notation refers to alleles that are not functional in aleurone cells of the kernel but are functional in the coleoptile tissue of seedlings. Coleoptile functionality of the r1 alleles was not always determined.
isoorientin rather than maysin (McMullen et al. 2004 ). Our observations are consistent with those of McMullen et al. (2004) : in the recessive sm1 class (R17 allele), maysin is not accumulated; rather, rhamnosyl isoorientin accumulates. However, the sm1 locus shows additive gene action in this population, not the dominant gene action that was reported in McMullen et al. (2004) . These findings are consistent with the observations from the R17 hybrids (Table 4) , suggesting that one functional copy of sm1 is not sufficient to exclusively produce maysin. The sm1 region is also required for the accumulation of compound 1028 (Table 6 ). In the R18 homozygous class, no appreciable amount of compound 1028 was produced. Two previously reported QTLs were identified in POP2 (Table 6 ). The sm1 region was again identified as a major QTL determining which type of compound is accumulated, rhamnosyl isoorientin and compound 1028 or maysin, consistent with the findings for POP1. And similar to POP1, the sm1 region was exhibiting additive, rather than dominant, gene action. The p region was a significant QTL in POP2 for all of the C-glycosyl flavone compounds (Table 6 ), again consistent with findings from previous studies that p determines the functionality of the pathway and exhibits additive gene action (Byrne et al. 1996) . The two major effect QTLs for maysin that were predicted from the frequency distribution (Fig. 1 ) do indeed exist. The p region determines the functionality of the Cglycosyl flavone pathway and sm1 determines which types of compounds accumulate: rhamnosyl isoorientin and compound 1028 or maysin.
The maximum C-glycosyl flavone levels observed in the POP1 and POP2 F 2 represent levels that are threefold higher than reported in Corn Belt Dent germplasm (Snook et al. Table 6 . Genotypic class least square means of the significant (P < 0.001) single effect QTLs that were retained in the multiple locus models developed for maysin, rhamnosyl isoorientin, and compound 1028 from mapping populations POP1 (R17 Â R18) and POP2 (R17 Â B18). Note: Means followed by different letters are significantly different at P < 0.01. *Individuals homozygous for the R17 allele are present in the ''a'' genotypic class, individuals homozygous for the R18 (POP1) or B18 (POP2) allele are in the ''b'' genotypic class, and heterozygous individuals are in the ''h'' genotypic class. The p locus was scored as a plus-minus morphological marker, making the homozygous functional genotypic class (a) indistinguishable from the heterozygous class (h). 1993) (Table 5) . Given this unprecedented level of pathway output, we expected to identify novel QTLs governing flavone synthesis in silk tissues. In general, incomplete genome coverage did not hamper our ability to identify QTLs governing the accumulation of specific flavone compounds and total flavone levels. In POP1, umc1614 explained 85.7%, 91.8%, and 89.1% of the total phenotypic variation for compound 1028, rhamnosyl isoorientin, and maysin, respectively. In POP2, the multiple-locus model of p and umc1614 explained 79%, 82%, and 82% of the total phenotypic variation for compound 1028, rhamnosyl isoorientin, and maysin, respectively, and the p locus alone explained 71% of the phenotypic variation in total flavones. Only for total flavone levels in POP1 did we fail to explain a major proportion of the total phenotypic variation; 29% of the variation was captured in a multiple-locus model involving three single effects and one epistatic interaction (Table S2) . 2
Conclusions
In this study, we took the wealth of QTL information that had been accumulated in Corn Belt Dent germplasm regarding the synthesis of C-glycosyl flavones in silk tissues and examined how robust it was when it was examined in a distinct germplasm pool, the North American Yellow Pearl and North American Pointed Rice popcorn races. Specifically, we examined C-glycosyl flavone profiles and levels and the involvement of three specific genes/QTLs (p, pr1, and sm1) in C-gylcosyl flavone synthesis in popcorn silk tissues. Flavone levels threefold higher than previously reported levels in Corn Dent Belt materials and a novel class of compounds were discovered in the popcorn germplasm survey, suggesting that novel QTLs controlling C-glycosyl flavone synthesis could be present in this germplasm. Interestingly, the robustness of C-glycosyl flavone QTLs across germplasm bases was not consistent. The p locus, which determines pathway functionality in the Corn Belt Dent germplasm, is also required in the popcorn germplasm, but the functional allele is not always dominant to the nonfunctional allele. The sm1 locus that dictates which types of sugar residues are present on the C-glycosyl flavone in Corn Belt Dent germplasm also dictates the sugar residue constitution in the popcorn germplasm; however, sm1 exhibits additive (i.e., codominant) gene action in the popcorn lines rather than the dominant gene action that has been observed in Corn Belt Dent germplasm. A previously reported C-glycosyl flavone QTL, pr1, was not a QTL in the popcorn germplasm, even though nonfunctional alleles of pr1 were present in the set of popcorn lines. Somewhat surprising was the lack of novel pathway QTLs that were discovered in the popcorn germplasm. Given the extraordinarily high levels of flavones in POP1 and POP2, no novel QTLs were discovered.
Based on this rather simplistic ''model'' quantitative trait, it appears that caution should be exercised when attempting to apply QTL knowledge accumulated in one germplasm pool to a germplasm pool that is known to be distinctly unique. Some of the basic QTL information was transferable, while other QTL information was quite different from expectations. The C-glycosyl flavone pathway is very well defined biochemically, extreme genetic variation for known pathway genes exist (i.e., null mutations), and environment influence over this pathway is negligible. When attempting to transfer QTL knowledge for more traditional quantitative traits, such as grain yield, it is quite conceivable that very little consistency will exist across germplasm pools.
